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ABSTRACT 
Miscible displacement column studies were conducted on unfractured cores of Topopah 
Spring Tuff to quantify transport characteristics of bromide, pentafluorobenzoic acid (PFBA), 
trichloroethylene (TCE), and naphthalene. Three 5 cm diameter by 2 cm long cores were flushed 
with pulses of simulated groundwater containing these tracers, followed by tracer-free solution. 
Effective porosities were gravimetrically measured as 11%, 10.6%, and 9.5%. 
The tracers achieved full breakthrough in an order correlating to their hydrophobicities. 
Bromide and PFBA sorbed least, achieving full breakthrough in fewer than 10 pore volumes. As 
water analogues, both exhibited no quantifiable sorption. Delay to full breakthrough was 
contributed to rate-limited diffusion into lower permeable regions. Their transport was found to 
be conservative, with their retardation factors computed as 1. TCE reached full breakthrough 
within 40 to 50 pore volumes and naphthalene at 90 to 100 pore volumes. 
The tracers desorbed from each core in the same order as the arriving front. Bromide and 
PFBA fully exited the cores within 10 to 20 pore volumes. TCE and naphthalene exhibited 
significant tailing during desorption, never achieving levels below quantifiable detection due to 
experimental time constraints. Mass balance calculated recoveries of 95 to 100% for 
bromide/PFBA, 70 to 90% for TCE, and 80 to 90% for naphthalene.  
The 1-dimensional contaminant transport program CXTFIT determined bromide 
dispersion between 0.032 to 34.0 cm
2
/day. TCE sorption matched the one-site sorption model 
with dispersion values 0.01 to 0.41 cm
2
/day. Naphthalene sorption matched a two-site model 
with dispersion values 0.075 to 1.96 cm
2
/day. Saturated hydraulic conductivities were measured 
over the range 8.64E-4 to 1.73E-2 mm/day. 
ix 
 
Petrographic analysis related core structure to fluid flow. The tuff was welded, with 1 
mm to 2 cm pumice, quartz, and feldspars clasts in a fine-grained quartz and glass matrix. X-ray 
diffractometry reported major mineralogy (excluding 70% amorphous glass by volume) as quartz 
11±5%, albite 41±5%, and orthoclase 48±5%. The pumices were observed as the primary 
porosity and likely major flow paths. The disconnectedness of the pumices revealed that the 
cores would have zones of highly variable permeability, moving quickly in the porous pumices 
and slowly through the tight matrix. 
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SECTION 1 
INTRODUCTION 
1.1 Background 
Groundwater flow through fractures and faults has been determined as the primary 
pathway of concern for the spread of pollutants once they permeate into the subsurface (Neuzil, 
1986; D’Astous et al., 1989; Hanor, 1993). Previous decades of, and continuing high level 
research, concerning the proposed Yucca Mountain National Nuclear Repository in Nevada have 
applied this by focusing on fracture and fault permeability within the confining unit of the 
repository, the Topopah Spring welded tuff (TST) member of the Paintbrush Tuff unit (Lin and 
Daily, 1984; Costantino et al., 1999; Hinds et al., 2003). Though fracture perm is the primary 
permeability, fracture porosity is only a minor fraction of total pore space compared to matrix 
porosity (Grisak and Pickens, 1980). Studies exclusively examining TST matrix contaminant 
transport properties are much fewer in number and prominence (Walter, 1982; Daily and Lin, 
1991; Rosenberg et al., 1999). If a contaminant was to permeate through the fractures and make 
its way into the groundwater held within the matrix porosity of the rocks located around the 
waste storage facilities, how would the hydrologic properties of the TST affect contaminant fate 
and transport? Therefore, it is important to understand the impact of saturated flow properties of 
the matrix such as permeability, dispersivity, hydraulic conductivity, and retardation factor, as 
well as determining the number of sorption sites, in order to forecast the potential for 
remediation of dangerous contaminants. 
To characterize these properties, well-characterized compounds were selected to be 
tracers in miscible column studies of TST. The Environmental Protection Agency lists 
trichloroethylene (TCE) and naphthalene as upper-ranking industrial contaminants found in 
2 
 
freshwater. TCE is an essential compound in much of the world’s manufacturing processes for 
its superb ability to degrease metals. Naphthalene is a polyaromatic hydrocarbon (PAH), which 
are common components of crude oil and tar. TCE and naphthalene are also hydrophobic organic 
pollutants (HOPs), meaning they do not readily dissolve in water. Sorption is the critical property 
controlling the fate of these chemicals in groundwater. A large knowledge base concerning the 
fate and transport of TCE and naphthalene has been created due to their reputations as common 
contaminants worldwide. Accordingly, this has made both ideal candidates for use as tracers in 
prior laboratory column studies (Costanza-Robinson and Brusseau, 2002; Shen and Wilson, 
2007; Akyol et al., 2011). 
1.2 Objective 
Previous contaminant transport studies on TST have mainly focused on flow within 
fractures and faults over scales measuring meters to tens of meters (Gauthier et al., 1991; 
Spycher et al., 2003). The lack of focus in the area involving smaller-scale (<0.5 meter), 
unfractured whole rock contaminant hydraulics is apparent and this study will provide a broader 
knowledge base in these areas. The objective of this project was to qualify and quantify major 
processes influencing contaminant transport and fate through the unfractured matrices of TST 
cores obtained directly from the repository level of Yucca Mountain. 
1.3 General Methods 
The experimental system used a high pressure isocratic pump and a Hassler type 2 core 
holder to flush an aqueous solution of calcium bromide hexahydrate, pentafluorobenzoic acid 
(PFBA), TCE, and naphthalene (here-out referred to as the tracer suite) through three water 
saturated cylindrical cores of TST. This approach enabled the production of a 1-dimensional 
flow field applied to the bottom of each core. The experimental system was fitted with solution 
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sampling ports and pressure gauges before and after the core to monitor tracer fluxes and 
hydraulic conductivity conditions. Tracer levels in the influent and effluent samples were 
measured against a standard curve for each contaminant via high performance liquid 
chromatography (HPLC), which allowed for the extrapolation of a contaminant breakthrough 
curve for each core. These breakthrough results were analyzed using the 1-dimensional 
contaminant transport software package CXTFIT of the STANMOD suite to extrapolate 
retardation factors and dispersion coefficients and to establish whether there was equilibrium or 
nonequilibrium sorption occurring in a one-site or two-site model (Toride et al., 1995). The rock 
mineralogy and structure was characterized with X-ray diffraction (XRD) and optical 
microscopy. 
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SECTION 2 
LITERATURE REVIEW 
2.1 Motivation of Research 
There is more than 65,000 metric tons of nuclear waste present in the United States at the 
end of 2010 according to the Nuclear Energy Institute (www.NEI.org). That figure is increasing 
by approximately 2,200 metric tons per year, pressing the demand for safe, long-term storage 
sites to be developed. Extensive groundwater flow and contaminant transport modeling has been 
conducted to determine the feasibility of creating a long-term nuclear waste repository within 
Yucca Mountain, located on the Federal Nuclear Test Site in Nevada’s Amargosa Desert. This 
literature review examines publications and principles dealing with fracture and matrix flow 
within the welded member of the Topopah Spring Tuff (TST) of Yucca Mountain. TST will be 
the confining unit for the repository when the site is granted approval to initiate storage. The 
majority of publications concerning Yucca Mountain examine flow properties through fractures 
(Lin and Daily, 1984; Daily et al., 1987; Costantino et al., 1999). It is evident that further 
investigation is required concerning flow properties within the matrix before the site is allowed 
to open. This literature review explores this lack of focus on the TST matrix by reviewing some 
of the key historical studies dealing with transport and hydraulic properties within the fractures 
and matrix of the tuff. 
2.2 Fracture vs. Matrix Permeability 
The Lawrence Livermore National Laboratory has acted for decades as the principle 
research facility for the Yucca Mountain Project, with Wunan Lin and William Daily holding the 
main research authority for hydrogeology. In 1984, Lin and Daily published a study entitled 
Transport Properties of Topopah Spring Tuff, examining the movement of steam and water in 
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the matrix and along a healed fracture. Cores of 9.0 cm length and 2.54 cm diameter with axes 
perpendicular to bedding were studied. Samples were dried until a stable weight was achieved 
and then saturated with site water until a constant weight was again attained. From this, dry bulk 
density was calculated to be 2.29 g/cm
3
 and effective porosity was calculated at 8.1 percent for 
the intact matrix core and 11.3 percent for the fractured core. Each core was placed in a core 
holder and subjected to a 5 MPa confining pressure, similar to pressures at the repository level. 
Water and steam movement was recorded via four pairs of evenly spaced electrodes placed along 
the length of each sample. Flowrate was determined by collecting water exiting the core over 
time. Flow tests were performed on the fractured and intact cores, both saturated and then 
unsaturated, to determine variability in flow between them. 
Results indicated that matrix permeability was independent of temperature, number of 
dehydration and rehydration cycles, and time. For the sample containing the naturally healed 
fracture, permeability decreased by three orders of magnitude from 850 to 0.3 μD over the four 
month testing period. This trait was hypothesized to occur from enhanced fracture healing at 
temperatures above 96°C while saturated. Fracture healing is most likely from silica deposition 
related to silica transport by water. It was found that fracture healing did not occur when the core 
was saturated and then subsequently dehydrated (which then would have been attributed to a 
deposition of minerals as water evaporated), but rather only during saturated conditions. This 
phenomenon needed to be studied in larger, more representative samples. 
Daily et al. (1987) furthered the study by using a larger core of tuff to better understand 
its flow properties. An 8.23 cm diameter by 10.09 cm long core was placed in a core holder, 
however, this time computer impedance tomography (CIT) was used to monitor water 
movement. The sample again contained a naturally healed fracture, which was reopened prior to 
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the experiment. Dry bulk density was 2.32 g/cm
3
 and effective porosity was 8.45 percent. CIT 
was utilized to map water distribution because water content is a strong function of the rock’s 
resistivity. 
Results from this enhanced study revealed that fracture healing occurring near 100°C was 
either caused by redistribution of silica already in the fracture, or by the act of reopening the 
fracture prior to testing, thus allowing the loosened silica to precipitate later. As in the 1984 
research, permeability decreased three orders of magnitude (1400 to 1 μD). Matrix capillary 
effect played little role in fluid movement. 
Blair and Costantino (1998) and Costantino et al. (1999) examined “fluid flow and 
mechanical deformation properties under conditions that approximate the near-field environment 
of the repository.” A 25x25x50 cm block of Topopah Spring Tuff was used for the experiment. 
An artificial fracture was created by sawing the block in half and then the fracture surfaces were 
roughened via sandblasting with silicon-dioxide beads. Rock density was determined to be 2.55 
g/cm
3
 with a porosity of 10 percent; typical for Topopah Spring Tuff. 
Their flow system consisted of a pressurized reservoir with a point source positioned at 
the center of the fracture plane. A grid of 40 evenly-spaced collection ports was positioned along 
the fracture perimeter to measure flow out of the rock. The block was then compressed parallel 
to the fracture plane with a 300 ton press, which allowed for measurement of strain and fluid 
flowrates as a function of axial stress (0-14 MPa) and fluid pressure (2-6 psi). Each trial ended 
when steady state flow had been achieved. 
Results indicated that flowrates within the fracture were independent of fracture aperture. 
This meant the more the block was compressed along the fracture, flowrate did not decrease 
accordingly. This interesting finding was hypothesized to be due to the uncorrelated artificial 
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fracture surfaces. Unlike in natural fractures, individual surface features of the artificial fracture 
did not have a corresponding feature on the opposing surface, i.e. there were no interlocking 
pieces to hinder flow as the pressure increased. This would not be the case for fractures at Yucca 
Mountain which had undergone little lateral movement. In either case, flow along the fracture 
was proven to be the overwhelmingly dominant transport pathway, with virtually no flow 
through the matrix under the experiment conditions. 
From these case studies it is evident that matrix flow plays little role in primary 
groundwater transport within the TST unit. However, matrix properties are very significant when 
faced with contaminant fate and remediation. It is vital to realize that due to the tuff’s extremely 
low permeability, any contaminant may be exceedingly difficult to extract during remediation. 
McKeegan et al (1988) examined uranium transport in wafers of Topopah Spring Tuff. In 
the study, four 25 mm diameter wafers of 2.2 mm thick tuff were polished with increasingly finer 
abrasives in deionized water in order to determine sorption phenomena. Wafer 1 was ground 
with 400 grit SiC, wafer 2 with 600 grit SiC, wafer 3 with 0.3 μm alumina, and wafer 4 with 0.05 
μm alumina. Samples were then saturated with site water for one week and then doped with a 
2ppm uranium-235 solution for eight hours and allowed to air dry. The wafers were finally 
vacuum dried at 64°C and carbon coated for SEM and BSE imaging. 
Results of this study revealed that surface smoothness is unrelated to measured uranium-
235 concentrations versus depth. Mechanisms for transport of uranium into the matrix were 
determined to be a combination four criteria: diffusion via the liquid phase in the pores; surface 
diffusion at the grain boundaries; direct sorption onto certain mineral phases; and possibly 
residual uranium from the evaporation of the doping solution left behind after each wafer air-
dried. The effective diffusion coefficient for uranium-235 through the tuff matrix was less than 
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10
-16
 cm
2
/s. However, the McKeegan et al (1988) were concerned the wafers had not had enough 
exposure time to the doping solution. This uncertainty arose when the collected data for flow 
paths did not show any separation into “fast” and “slow” regions. Diffusion into the matrix 
surface appeared quite uniform, with maximum diffusion depths to 13μm into each wafer. 
Uniform diffusion is not expected with the heterogeneity of the tuff. 
2.3 Hydrogeologic Properties 
The tuff surrounding the proposed repository within Yucca Mountain contains tight, 
porous matrix intermixed with fractures and faults. The properties of both the matrix and 
fractures/faults are heterogeneous, but evidence suggests that groundwater flow is predominately 
occurring through the system of higher permeability fractures (Costantino et al, 1999; Hu et al, 
2001). For example, depending on the degree of welding and other textural features, the tuff 
units have matrix porosities ranging from 5 to 40 percent, and average matrix hydraulic 
conductivities for water in the range of 0.31 to 0.35 μdarcies. However, the presence of fracture 
zones increases the bulk rock permeability to 0.4 to 850 μdarcies (Lin & Daily, 1984). 
Water in the partially saturated zone is located mostly within the matrix of the rocks, 
because of matrix capillary effects (Daily & Lin, 1991). Field studies have recorded saturation 
levels well above 60 percent (TRW, 1995), suggesting that the porous tuff is almost completely 
saturated. However, the matrix porosity is generally characterized by rather small pore size 
distributions that would make significant contaminant transport through the unfractured tuff 
difficult at best. Because of the sporadic nature of flow in the fractures, saturation levels in the 
fractures are also likely to vary throughout time. This is of considerable importance when 
attempting to understand the role of partial saturation in hindering contaminant transport. 
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Flint (1998) examined physical properties of TST including bulk density, porosity, and 
particle density; saturated hydraulic conductivity and moisture-retention characteristics. Units 
were defined using 1) a database developed from 4,892 rock samples collected from the coring 
of 23 shallow and 8 deep boreholes, 2) described lithostratigraphic boundaries and corresponding 
relations to porosity, 3) recognition of transition zones with pronounced changes in properties 
over short vertical distances, 4) characterization of the influence of mineral alteration on 
hydrologic properties such as permeability and moisture-retention characteristics, and 5) a 
statistical analysis to evaluate where boundaries should be adjusted to minimize the variance 
within layers. 
Flint’s study described the correlation of hydrologic properties to porosity, a property that 
is well related to the lithostratigraphy and depositional and cooling history of the volcanic 
deposits and can, therefore, be modeled to be distributed laterally. Parameters of the 
hydrogeologic units developed in this study and the relation of flow properties to porosity that 
are described can be used to produce detailed and accurate representations of the core-scale 
hydrologic processes ongoing at Yucca Mountain. 
2.4 Column Studies and Transport Models 
Column studies are an essential laboratory method in the field of organic and inorganic 
contaminant fate and transport because they allow for the derivation of transport measurements 
via analysis of the breakthrough curves they generate (Freeze, 1975). Contaminant fate and 
transport models in porous geologic media are frequently described by the advection-dispersion 
equation with an added sorption model (Grisak and Pickens, 1980; Ptak and Schmid, 1996; 
Benson et al, 2004). Eq 1 illustrates linearly sorbed solute transport in a homogenous media with 
steady state flow and rate limited equilibrium sorption. 
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  = Dispersion coefficient (cm2/min) 
   = Average pore water velocity (mL/min) 
   = Dissociation constant (cm
3
/g) 
    = Sorbed concentration (mg/L) 
   = Bulk density (g/cm
3
) 
  = Aqueous concentration (mg/L) 
α = First-order kinetic rate coefficient (min-1) 
 = fraction of all instantaneous sorption sites 
  = Time (min) 
   = First-order loss coefficient for sorbed phase 
  = Porosity 
Contaminant transport is considered to be affected by two general processes; 1) a 
physical nonequilibrium process caused by structural heterogeneity and preferential flow paths, 
and 2) chemical nonequilibrium due to kinetically limited sorption. Physical nonequilibrium is 
described as having distinct mobile and immobile phases, such as dual or triple porosity regimes 
(Coats and Smith, 1964; van Genuchten and Wierenga, 1976; Maloszewski et al., 1994). These 
porosities can be metaphorically likened to vehicles traveling along on a wide, fast moving 
highway, while others travel along narrow, slow and winding back roads, and still others are 
parked because they are unable to join the flow due to structural restrictions separating them 
from all paths. Chemical nonequilibrium models represent the kinetic distribution of 
contaminants between their solid and aqueous phases, simulated by using a two-site contaminant 
transport model (Bales et al., 1991; McCaulou et al., 1994). For two-site models, chemical 
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partitioning occurs instantaneously at rapid exchange sites and is rate limited at slow exchange 
sites (van Genuchten, 1981; Jacobsen et al, 1992). 
2.5 Hydrophobicity 
Hydrophobicity, the characteristic of polar water molecules striving to repel nonpolar 
molecules, is the driving process for sorption in these TST column studies, and is measured by 
octanol-water partitioning coefficients, KOW. This coefficient is directly related to aqueous 
solubility, SW in a linear relationship (Pontolillo and Eganhouse, 2001), meaning the higher the 
KOW, the less soluble it will be in water. The HOPs TCE and naphthalene have respective KOW 
values of 2.42 (Russell et al., 1992) and 3.01-3.59 (Hansch and Leo, 1979). In summary, TCE 
and naphthalene will sorb to TST grains in the core matrix because they are phobic to water and 
would rather attach to the quartz and feldspars of the rock. This will provide an excellent model 
for sorption and hydraulic characteristic of the advection-dispersion equation. 
2.6 Significance of Experiments 
From this survey of the literature, it is evident more work needs to be conducted 
exclusively on contaminant transport through matrix porosity. Although fractures have proved to 
be the principal pathway of mobility for pollutants, desorption and diffusion from the smaller 
pore spaces of the matrix will be the rate-limiting factor for any remediation efforts. These 
miscible column studies of this paper will add to the knowledge base for the understudied matrix 
when concerning contaminant fate and transport of organic pollutants. 
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SECTION 3 
EXPERIMENTAL METHODS 
3.1 Core Preparation and Characterization 
3.1.1 Core Preparation 
To ensure a precise fit inside the core holder and to prevent any unwanted flow 
channeling around the cores during these high pressure studies, each core had to be shaped to the 
specific dimensions of between 5.0 and 5.1 cm in diameter, with a length not exceeding 20 cm 
nor shorter than 1.5 cm. Five cores of TST were sliced from a 30 cm long by 5 cm wide core 
obtained from a tunnel wall within the repository level of the proposed facility. Ultimately only 
three of the five cores are represented in these results due to premature exposure of the fully 
concentrated tracer suite upon the exiting face of two cores because of preferential flow around 
the cores within the core holder. Because the 30 cm core had not been drilled orthogonal to 
lithologic bedding, a desired section was cut from the larger core and then finely milled into a 
cylinder through use of a precision metal lathe in the Mechanical Engineering Department at 
Louisiana State University and Agricultural and Mechanical College, Baton Rouge. To minimize 
potential contamination of the core from the metal lathe, the portions that came into contact with 
the core were cleaned and degreased with methanol. They were sliced axially into short lengths 
for the study with a water-cooled, diamond-coated blade, producing cores with the physical 
dimensions found in Table 1. 
Table 1: Core dimensions. 
Core 
Diameter 
(cm) 
Thickness 
(cm) 
TST 1 5.05 2.27 
TST 2 5.07 1.69 
TST 3 5.07 2.06 
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Next, both faces of each core were polished with 180 grit silicon carbide until the 
thickness of each core varied no more than 0.1 mm at any given point when measured with a 
caliper. This step ensured a completely flush seal would be formed between the core faces and 
the core holder’s dispersion channeling end caps. After polishing, each core was placed in a 
sonic water bath for 15 minutes to expel any remaining carbide grit, and then heated in an oven 
at 100°C for 24 hours or until the core weight was constant between readings. The temperature 
was not higher, nor the drying time longer, because we did not want to evaporate structural water 
associated with the hydrous minerals in the samples. 
Next, a stable weight was measured with a Denver Instruments APX-200 scale (±0.2 
mg). Because of concerns with sorption of HOPs to the Viton® rubber sleeve of the core holder 
used in this study, the sides of each core were coated in Teflon through use of a heat-shrinkable 
PTFE sleeve (Zeus 2:1 AWG Heat Shrink). After coating with the Teflon, each core was 
reweighed to record an initial dry mass. The core was then placed in to the core holder, as seen in 
Figure 1. Once sealed within the holder, the confining pressure was raised 100 to 300 psi above 
the influent pressure to seal any pathways to fluid flow between the core and the Viton® sleeve. 
After pressurization, each core was saturated with its groundwater solution at a low flow rate for 
one week to ensure the pore channels were void of entrapped air which could skew permeability 
and porosity results. 
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Figure 1: Core inside the core holder prior to securing of the end cap. Note the black Viton® 
rubber sleeve used for pressurization in contact with the core. 
 
3.1.2 Mineralogic Analysis 
A petrographic analysis and X-ray diffractometry (XRD) were conducted on thin sections 
and a powdered sample of the tuff, respectively. The petrographic analysis used an Olympus 
BH2 petrographic microscope to examine two 30 μm thin sections created in an orientation 
orthogonal to the apparent volcaniclastic deposition and isogonal to the fluid flow direction of 
the core floods. Structural heterogeneities, primary and secondary porosity, and barriers/baffles 
to fluid migration were examined by analysis along this isogonal orientation to flow. Mineralogy 
was also examined during this procedure. 
For the XRD analysis, samples of extra core material were powdered with a ceramic rock 
pulverizer for two minutes until roughly two grams of powdered sample was obtained. Analysis 
was conducted with a Siemens (Bruker) D5000 automated powder diffractometer for major 
mineral composition. Minerals contributing less than 5 percent by volume were not quantifiable. 
°2ΘCuKα values measured a range of 0-70. XRD results can be found in Figure 5. 
3.1.3 Hydraulic Properties of the Cores 
The design of this experiment permitted precise calculations of the bulk density (ρb), 
effective porosity (θ) and saturated hydraulic conductivity (Ksat ) of these cores. Bulk density 
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was first calculated by dividing the unsaturated core mass by the calculated volume. After the 
core was saturated with water, the saturated mass was recorded. This was performed before and 
after the tracer test to determine if the extended exposure to tracer test conditions altered the 
effective porosity of the core. Effective porosity was then calculated as mass water (saturated – 
unsaturated masses) divided by the volume of the core. Saturated hydraulic conductivity of these 
cores was calculated using Darcy’s Law in the form displayed as Eq. 2 below: 
(2) 
       (
        
 
)  
Wherein, 
Q  = volumetric flux 
Ksat  = saturated hydraulic conductivity 
L = height of the cylindrical core 
Hin  = water pressure entering the core 
Hout  = water pressure at the terminal end of the core 
A  = cross-sectional area. 
Volumetric flux was measured for every sample and between samples. The flow rate was 
calculated by measuring with the previously mentioned analytical balance, the mass of artificial 
groundwater solution passed through the core and collected in a syringe and dividing by the 
amount of time that syringe was attached. The collection time varied from 20 to 90 minutes. It 
should be noted that the additional backpressure from the syringe was measured at 1 to 2 psi and 
was negligible compared to the pressure drop across the welded tuff cores (>1100 psi). Between 
samples, effluent was collected and weighed to determine flow rates. The head difference was 
measured with glycerin filled pressure gauges (Swagelok). The height of the cylindrical cores 
and the cross-sectional areas were ascertained from measurements with a caliper. 
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3.2 Tracer Solution and Monitoring 
3.2.1 Selection of Tracers 
The tracer solution was comprised of conservative and non-conservative tracers 
important in the field of contaminant transport and remediation. Bromide and pentafluorobenzoic 
acid (PFBA) were used as conservative tracers to establish least-inhibited sample permeability 
and minimum sorption coefficients. Bromide is an inorganic anion, making it an ideal 
conservative tracer for the quartz rich TST. PFBA is a benzoate and organic acid with a low log 
of acid dissociation constant, pKa of 1.48 (Volkova-Gugeshashvili et al., 2006), making it highly 
anionic in neutral pH, again, excellent as a conservative tracer given TST mineralogy. TCE is an 
essential compound in much of the world’s manufacturing processes for its superb ability to 
degrease metals. Contamination by TCE often originated around military bases when drums of 
the degreaser were hastily disposed of in poorly lined waste pits. Naphthalene is a polyaromatic 
hydrocarbon (PAH) and a principle byproduct of the energy industry when refining fuels such as 
oil and natural gas, or as a primary constituent of coal tar when carbonizing coal to make coke. 
Naphthalene is used in the production of the plasticizer phthalic anhydride (Noller, 1965). 
Contamination by PAHs results from oil spills and wood preserved with creosote. Improper 
disposal of TCE and naphthalene has caused thousands of subsurface contamination sites across 
the globe, which in turn has produced a sizeable and informative knowledge base concerning 
contaminant fate and transport of these two compounds. 
TCE and naphthalene are also hydrophobic organic pollutants (HOPs), meaning they do 
not readily dissolve in water. Sorption to tuff due to high hydrophobicity is the critical property 
controlling the fate of these chemicals in these column studies. Accordingly, this has made both 
ideal candidates for use as nonconservative tracers in prior laboratory column studies (Costanza-
Robinson and Brusseau, 2002; Shen and Wilson, 2007; Akyol et al, 2011; others). 
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3.2.2 Simulated Groundwater Solution 
A solution of simulated groundwater was created for each of these column studies to 
minimize dissolution of the core minerals into the tracer solution over the prolonged timescales 
of these experiments. The solution was created by powdering 25g of Topopah Spring Tuff with a 
ceramic rock pulverizer, then mixing the powder with 4L of 18 Mohm, UV sterilized water for 
one week. Sodium azide (Sigma Aldrich 99.5%) was added to the solution at a concentration of 
300 mg/L to inhibit the growth of bacteria. The 4L of groundwater was then centrifuged thirty 
minutes at 2,000 rpm to settle particulates. The solution was finally passed through a 20 µm 
silica-fiber filter while being transferred into a 4L amber glass jar. 
Prior to each of the three column experiments, the groundwater was pumped through 
each core, housed in the core holder, to expel the entrained air and saturate each core. It was also 
used as the flushing solute to desorb the tracers out of the core after the tracer flood had 
completed. In addition, a portion of the solution was separated for use as the water in which each 
tracer suite would be created. The tracer solution was stored in a 4L Teflon gas-sampling bag for 
use in each experiment. The bag was sheltered from all light sources at all times by surrounding 
it with a thick black trash bag, as TCE and naphthalene exhibit fast rates of photodegradation 
(Fasnacht and Blough, 2002; Ohnuma, 2007). Table 2 lists the concentration of each tracer and 
the volume of the liquid tracer suite created for each column study. 
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Table 2: Tracer concentrations and eluent volume. 
Core Tracer Concentration (mg/L) Tracer Vol. 
  Br PFBA Naph TCE (mL @ 25°C) 
TST 1 500 650 1.75 300 2,022 
TST 2 35.0 34.9 2.15 150 2,029 
TST 3 34.3 35.6 2.20 50.0 2,038 
 
3.3 Flow System 
A flow system was constructed using a Hassler type 2 core holder (Phoenix Instruments 
Model CL-HAS) to study the movement of contaminants dissolved in water through the subject 
cores. Figure 2 diagrams the flow system and apparatus. 
Figure 2: Diagram of the flow system. The source could be set to draw from the tracer solution 
or the simulated groundwater. The inlet and confining pressures were adjusted to suit each study 
individually. 
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To produce steady-state flow through these cores at a rate sufficiently high for timely 
study, a high pressure isocratic pump with stainless steel fittings (Lab Alliance Series 1) was 
used, rated to 2500 psi. Because this piston pump produces surges in pressure during the piston 
action which may damage the core and alter the results, a pressure dampener was placed in-line 
after the pump. To deliver a constant concentration of the tracer suite, in which some are 
photodegradable, the tracer solution was held in a 10L Tedlar® gas sampling bag, evacuated of 
any air, and covered to isolated it from all light sources. 
The pressure at the terminal end of each core was atmospheric, allowing for the head 
gradient across the core to be observed by monitoring the pumping pressure of the tracer suite as 
it entered the holder. This was done by utilizing Swagelok glycerin-filled pressure gauges with 
ranges appropriate to each particular study. To ensure the tracer suite traveled through each core 
rather than taking the easier path around it, the confining pressure was kept well above the 
pumping pressure, but not so high as to damage the structure of any core. These pressures varied 
from core to core and were determined by a sufficient flowrate for timely study. 
3.4 Sample Preparation, Collection and Analysis 
3.4.1 Preparation and Collection 
All solutions were made in Kimbal USA Class A glassware to ensure no metals were 
present in the glass which may have dissolved into the solutions with extended exposure. Teflon-
coated stir bars were used for mixing all solutions. Influent and effluent samples were collected 
using SGE 5, 10, and 50 mL gas tight, clear Pyrex syringes with Teflon plungers and stainless 
steel luer-locking tips. To inhibit sample degradation by light, syringes were covered with 
aluminum foil during sampling and injected in triplicate in to 2mL amber bottles (Fisher brand 
cat #03-391-9) through 18 gauge, 1.5 inch stainless steel needles (Beckton Dickinson brand), and 
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finally capped with 9mm PTFE/rubber screwcaps (Fisher brand cat #03-391-31). Samples were 
refrigerated at 4°C until and during sampling by the HPLC, for a period of no more than 48 
hours between sampling and analysis. For cores 1 and 2, samples were water-diluted 4:1 in order 
to collect more effluent samples on the rising limb of the initial tracer breakthrough. For core 3, 
smaller, 200 µL vials were used to increase sampling pace and efficiency. 
3.4.2 HPLC Analysis 
All samples were measured on an Agilent 1200 Series HPLC with degasser (G1379A), 
photodiode array (DAD) (G1315D), and fluorescence detector (FLD) (G1321A). Two columns 
were used in the analysis. First was a 5µm guard column (Phenomenex Envirosep PP 
30x4.6mm), followed by the 3.5µm analytical column (Agilent Eclipse PAH 150x4.6mm). A 
method was developed to analyze all four tracers in a sample in a single HPLC run by 
programing both the DAD and FLD to analyze for each tracer only over a specific interval of 
time as the eluent flowed past each detector. Each sample was transported through the machine 
via a mobile phase solution consisting of 50/50 acetonitrile (J.T. Baker, HPLC grade) and water 
(Mallinckrodt ChromAR, HPLC grade), with each acidified to a 0.07 molar concentration of 
phosphoric acid (ACROS 85+%) to improve tracer solubility in the eluent (Dapkevicius et al, 
2001). Analysis ran at a flow rate of 1 mL/min at 30°C with 10µl sample injections. Sample 
analysis time was 10 minutes per sample per injection, with all samples having triplicate 
injections for precision. For quality control, sample results were thrown out if two of the three 
differed more than 5 percent in detector response. Between highly concentrated samples there 
was a 10 minute wash with the 50/50 eluent to ensure total evacuation of any remaining tracer in 
the columns. Each tracer was individually calibrated for maximum machine response according 
to the parameters in Table 3. 
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Table 3: HPLC detector settings. 
Tracer Detector 
Excitation 
λ 
Emission 
λ 
Slit 
width 
    (nm) (nm) (nm) 
Br DAD 199 n/a 4 
PFBA DAD 192 n/a 4 
TCE DAD 199 n/a 4 
Naph FLD 274 333 4 
 
Standards were used to calibrate the HPLC results, ranging from a concentration at or 
above C0 to a concentration near or below the HPLC detection level. The instrument response 
versus concentration for all tracers was found to be highly linear over the entire range, with the 
slopes, intercepts, and R-squares having a less than one percent difference between those 
exclusively for the high or low standards. Figure 3 illustrates the standard curve for TST core 1. 
Figure 3. Tracer suite standard used for TST core 1. 
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3.5 CXTFIT Analysis 
CXTFIT uses a Langmuir adsorption isotherm to inversely extract transport parameters in 
the advection-dispersion equation by starting with known fixed values for the variables of 
average pore-water velocity ( ) and effective porosity ( ) measured from the column studies and 
determined by bromide and PFBA equilibrium sorption, and next inputting initial  guesses for 
the remaining variables. Langmuir adsorption assumes that 1) adsorbents have limited adsorption 
capacity, 2) all active sites are identical, 3) each site can only accommodate one adsorbate 
molecule, and 4) all active sites are independent. While a Langmuir isotherm does oversimplify 
the heterogeneous tuff matrix, its methods are still effective at extracting transport parameters. 
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SECTION 4 
RESULTS AND DISCUSSION 
4.1 Mineralogy and Structure 
The Topopah Spring Member of the Paintbrush Formation is a reddish-brown welded tuff 
volcaniclastic with clasts of pumice, quartz, and feldspars in a matrix of fine-grained quartz and 
volcanic glass. Two 30 μm thin sections of extra core material were analyzed with an Olympus 
BH2 microscope to examine petrography. Specifically, potential structural heterogeneities, 
primary and secondary porosities, and barriers/baffles to fluid migration were examined by 
analysis along the direction to flow. Petrographic analysis found important variation between 
cores which impacted the tracer tests. In cores 1 and 3 the large pumices did not span from the 
influent to effluent face, implying that flow through these cores consisted of a series of pathways 
with a range of permeability values. Clasts are squished and elongated and follow a preferred 
orientation. All pumice clasts have been replaced by quartz, and there are voids which represent 
former biotite. A fracture of approximately 250 micrometers width in TST core 1 has been 
completely healed with quartz. Plagioclase feldspars are zoned, and there are traces of 
titanomagnetite from the original volcanic mineralogy. Overall, this is an altered vitric tuff. 
Figure 4 displays scanned images of the entrance and exit faces of the three cores. Figure 
5 displays the XRD results for major mineralogy. Approximate mineralogy aquired from the 
XRD analysis is quartz 11 ±5% , albite 41 ±5%, and orthoclase 48 ±5%, with trace cristobolite, 
falling within the range also found by Bish and Chipera (1986). The XRD was unable to measure 
the glass portion of the tuff due to glass’s lack of mineralogic structure, but visual estimates from 
the petrographic analysis approximated glass at around 70% by volume. 
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Figure 4: Plain-light scanned images of the three TST cores, illustrating structural heterogeneity. 
Pumices exhibit a preferred horizontal orientation. 
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Figure 5: XRD results for bulk mineralogy of TST. Quartz, albite, and orthoclase predominant, with trace cristobalite. 
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4.2 General Discussion of Breakthrough Curve Shape 
Bromide and PFBA displayed symmetrical breakthrough  in all cores (Figs. 6A, 8A, 10A) 
and exhibited negligent effluent tailing during the water flush, indicating equilibrium transport 
for these tracers and a firm basis for modeling the HOPs TCE and naphthalene against in 
CXTFIT. TCE and naphthalene suggest nonequilibrium transport as observed by their depressed 
breakthrough and significant tailing, best observed in log scale (Figs. 6B, 8B, 10B). TCE and 
naphthalene’s volatile natures were revealed by the scatter of their concentration datapoints, 
greater than 10% between samples in some instances, which most certainly was a result of the 
diluted sampling technique in conjunction with using highly volatile compounds. This volatility 
can also be witnessed as the linear decrease in influent concentrations over time (Figs. 7, 9, 11). 
This reduction of TCE and naphthalene C0 was accounted for in the calculation of the BTCs, and 
was attributed to an inability of the Tedlar gas-sampling bag to contain these VOCs. 
Table 4: Number of influent tracer and effluent tracer/water samples collected. 
Core 
Samples Collected 
Effluent Influent 
TST 1 341 54 
TST 2 89 13 
TST 3 208 55 
 
Table 5: Volume attributes of the cores, with experimental flow and pressure outcomes. 
Core 
Bulk 
Density 
Effective 
Porosity 
Avg. 
Flowrate 
Tracer 
Flushed 
Water 
Flushed 
MeOH 
Flushed 
Avg. 
Input 
Pressure 
Avg. 
Output 
Pressure 
  g/cm
3
 % mL/min PV PV PV psi psi 
TST 1 2.34 11.0 0.022 104 85 125 1600 atmos. 
TST 2 2.35 10.6 0.034 140 110 0 1350 atmos. 
TST 3 2.33 9.5 0.010 120 75 65 2000 atmos. 
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4.2.1 Topopah Spring Tuff Core 1 
 
 
Figure 6A and B: Breakthrough curve TST core 1. Linear scale emphasizes lagging sorption of 
HOPs during tracer flood, while log scale emphasizes tailing desorption during water flush.
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Figure 7: Influent concentration samples from TST core 1 tracer suite. 
104 pore volumes of aqueous tracer suite were flushed through the core at an average 
flowrate of 0.022 mL/min. As discussed in section 4.3, bromide and PFBA exhibited least 
inhibited sorption, preferring rather to stay in solution than to bond with the surface hydroxyl 
sites of the quartz and feldspars. As observed in Figs 6A-B, breakthrough to C0 was not 
instantaneous for these conservative tracers, indicating that all flow paths through the core were 
not equal, certainly varying in tortuosity and constrictiveness. TCE and naphthalene tailed 
significantly, reflective of their low log KOW values of 2.50 (Chiao et al., 1994) and 3.37 (Irwin, 
1997), respectively. TCE and naphthalene would have continued to decrease their eluted 
concentrations would the study have proceeded farther with the water flush, eventually desorbing 
to the point of indetectibility through the HPLC analysis. 
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4.2.2 Topopah Spring Tuff Core 2 
 
 
 
Figure 8A and B: Breakthrough curve TST core 2. Linear scale emphasizes lagging sorption of 
HOPs during tracer flood, while log scale emphasizes tailing desorption during water flush.
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Figure 9: Influent concentration samples of TST core 2 tracer suite. 
Similar breakthrough was achieved with TST core 2 as compared to TST cores 1 and 3, 
flooding 140 pore volumes of the tracer at an average flowrate of 0.034 mL/min. As seen in 
Table 5, this flowrate was 1.5 times faster than core 1, and over 3-fold faster than core 3. This 
was explained by a simple visual analysis of core 2, which noted a particularly porous pumice 
connecting the influent face to the terminal end of the core, wonderfully illustrating the 
characteristic of preferential flow paths. 
The biggest critical difference between core 2 and the other studies was that a period of 
tracer recirculation was conducted for the purpose of generating less environmentally harmful 
waste of the aqueous tracer suite. To accomplish this, the effluent stainless steel piping of the 
core holder was spliced back into the influent tubing, before the isocratic pump. This method 
also markedly decreased the amount of costly 50/50 acetonitrile-water eluent used during the 
HPLC analysis because fewer samples were collected for analysis. 
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4.2.3 Topopah Spring Tuff Core 3 
 
 
Figure 10A and B: Breakthrough curve TST core 3. Linear scale emphasizes lagging sorption of 
HOPs during tracer flood, while log scale emphasizes tailing desorption during water flush.
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Figure 11: Influent concentration samples of TST core 3 tracer suite. 
For TST core 3, 120 pore volumes of tracer were injected with an average flowrate of 
0.010 mL/min. The recirculation method employed for core 2 was discontinued so that CXTFIT 
analysis could be performed on both limbs of the curve instead of only the desorbing limb of the 
water flush. It can also be observed that the scattering of TCE and naphthalene data point during 
the tracer flood in core 1 (sometimes greater than 10 percent between samples) has been 
eliminated for core 3. This was attributed to using smaller volume sample vials of 0.2 mL versus 
2 mL, allowing for faster filling and less air exposure of the extremely volatile HOPs, and 
partially attributed to faster turnaround times between sample acquisition and analysis. 
A technique of interrupted flow for 6 hours during the water flush of TST core 3 was 
utilized to discern if there were nonequilibrium conditions during solute transport for either of 
the HOPs (Brusseau et al., 1989). Nonequilibrium conditions would be evident if there was an 
increase in aqueous concentration after resuming paused flow. Equilibrium conditions would 
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exist if the tracer showed no change in outflow concentrations after flow had been resumed 
(Pang et al., 2002). As it is visible in Fig 10B, a bump representing a 2.7 percent increase in TCE 
concentration was witnessed during the pause in water flush, equivalent to 0.35 mg/L, revealing 
that TCE was subject to nonequilibrium sorption. Naphthalene exhibited no such increase in 
aqueous concentration after resuming flow, thus it can be assumed to transport under equilibrium 
conditions. 
4.3 Flowrate and Hydraulic Conductivity 
An effort was made to maintain as constant a flowrate as possible for the entirety of each 
column experiment, but this turned out to be difficult, as seen in Figs 12A, B, and C. Holding the 
flowrate constant would have allowed for the simultaneous modeling in CXTFIT of the rising 
(tracer flood) limb and the falling (water flush) limb of the breakthrough curves, as average 
porewater velocity,    of the advection-dispersion equation (Eq. 1) has a large effect on 
parameter estimation in CXTFIT. Flowrate fluxed between 0.015 and 0.30 mL/min for TST 1; 
from 0.12 to 0.02 mL/min in TST 2, and 0.015 to 0.007 mL/min for TST 3. This flux was likely 
a result of a change in saturated hydraulic conductivity, Ksat, due to dissolution silica from one 
part of the core and depositing it along the flow path, effectively clogging the system. This 
phenomenon was studied in depth (Lin and Daily, 1984; Daily, 1987) and showed 3-fold 
magnitude decreases in TST sample permeability over a 4 month testing period, caused by silica 
dissolution along naturally healed fractures, causing some short instances of increased 
permeability, but with an overall decrease due to silica precipitating along the flow paths. 
Because of this changing flowrate, each limb of the breakthrough was modeled separately using 
an average porewater velocity calculated for each the tracer and water flood pulse widths. This 
phenomenon may have been much more significant had it not been for the use of the simulated 
groundwater solution in the column studies 
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Figure 12A and B (12C cont’d on the next page): Flowrate vs. hydraulic conductivity for cores 1 
and 2. 
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Figure 12C: Flowrate vs. hydraulic conductivity for core 3. 
4.4 Mass Balance and Recovery 
A mass balance analysis for each column experiment determined the contaminant mass 
recovered after the water and methanol flushes. This was done by 1) calculating the mass of each 
conservative tracer and HOP injected into a core by knowing their C0 concentrations (determined 
from HPLC analysis of influent samples) and measuring the volume of the aqueous tracer suite 
injected during the tracer flood stage of the breakthrough, 2) determining the mass eluted of each 
tracer during the water and methanol flushes (again, via HPLC analysis of effluent samples), and 
finally 3) subtracting mass eluted from mass injected. These results are found in Table 6, with 
graphical results in Figures 12A, B, and C. 
The analysis reinforced the breakthrough curve results, showing that bromide and PFBA 
sorbed the least, as expected, with upper 90 percent recovery rates in all studies. TCE and 
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naphthalene exhibited more variability, appearing in TST core 1 to have over 30 percent and 20 
percent, respectively, of their injected masses remain sorbed after the flushing phase. TCE 
further appeared to exhibit irreversible sorption to TST core 1, as the methanol flush did not 
result in further extraction of the HOP after the water flush. For TST cores 2 and 3, TCE had low 
to mid 90 percent recovery rates, as did naphthalene. It would be reasonable to conclude that 
recovery percentages would have been higher given more elution time for the water and/or 
methanol flushes, however, not possible due to laboratory time restrictions. 
 
 
 
Figure 13A (13B-C continued on next page): Mass recovery for TST core 1. 
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Figure 13B and C: Mass recoveries for TST cores 2 and 3. 
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Table 6: Moment analysis and mass recovery of the three cores. 
 
 
4.5 CXTFIT Modeling Results 
To simulate the aqueous flow data and inversely determine the contaminant transport parameters found in the advection-
dispersion equation (Eq 1), CXTFIT extrapolated an average contaminant transport parameter for each tracer in every core, with pore-
water velocity fitted, and assuming no spatial heterogeneities. These model transport parameter results are found in Tables 7A-B, 8A-
B, and 9A-B for TST cores 1, 2, and 3, respectively. Most of the calculated models were able to achieve upper 0.9 linear regressions 
when comparing the data to the model. However, CXTFIT cannot account for spatial heterogeneity in the tuff cores, so the models 
often calculate ahead of the laboratory data during both tracer and flushing pulses. 
 
  Topopah Spring Tuff 1 Topopah Spring Tuff 2 Topopah Spring Tuff 3 
    Initial Mass Rec. Mass Rec.   Initial Mass Rec. Mass Rec.   Initial Mass Rec. Mass Rec. 
  Norm. 1st Conc. During During Norm. 1st Conc. During During Norm. 1st Conc. During During 
Tracer Moment (C0) H2O Flush MeOH Flush Moment (C0) H2O Flush MeOH Flush Moment (C0) H2O Flush MeOH Flush 
  (dec.day
-1) (mg/L) % % (dec.day-1) (mg/L) % % (dec.day-1) (mg/L) % % 
Br 8.33 500 94.9 99.2 14.90 35 100.0 
Methanol 
flush not 
conducted 
16.23 35 96.9 98.2 
PFBA 8.26 650 87.9 99.9 14.92 35 96.3 16.29 35 96.1 96.1 
Naph 10.28 2.15 65.0 79.5 15.18 2.15 90.7 18.69 2.20 92.0 92.3 
TCE 9.12 300 68.4 68.4 15.08 150 91.5 17.83 50 93.5 94.5 
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4.5.1 CXTFIT Topopah Spring Tuff Core 1 
Table 7A: Core 1 - Injection limb transport parameters estimated from CXTFIT. 
Param Define Units 
Equilibrium Model Non-equilibrium Models 
No Sorption 1 Site 2 Site 
Br PFBA TCE Naph TCE Naph 
D dispersion coefficient  cm2/min  5.57E-03 
9.68E-
03 
4.88E-
04 
1.36E-
03 
4.88E-
04 
1.36E-
03 
v 
average pore-water 
velocity  
cm/min  0.0105 0.0105 0.0105 0.0105 0.0105 0.0105 
R retardation factor  -      7.1 23.2 8 12.4 
ω 
dimensionless mass 
transfer coefficient  
-      0.33 1.99 0.307 2.18 
β 
dimensionless variable for 
partitioning in 
nonequilibrium transport  
-      0.311 0.31 0.275 0.092 
f 
fraction of exchange sites 
always at equilibrium  
-          0.172 0.0118 
α 
first-order kinetic rate 
coefficient  
min-1      0.342 0.344 0.351 1.284 
R2 Linear regression - 0.99 0.99 0.93 0.98 0.94 0.9 
 
 
Table 7B: Core 1 - Exiting limb transport parameters estimated from CXTFIT. 
Param Define Units 
Equilibrium Model Non-equilibrium Models 
No Sorption 1 Site 2 Site 
Br PFBA TCE Naph TCE Naph 
D dispersion coefficient  cm2/min  0.0108 6.42E-04 
7.47E-
05 
1.23E-
04 
7.47E-
05 
1.23E-
04 
v 
average pore-water 
velocity  
cm/min  0.0089 0.0089 0.0089 0.0089 0.0089 0.0089 
R retardation factor  -      7.1 22 8.4 9.5 
ω 
dimensionless mass 
transfer coefficient  
-      0.0576 0.082 0.074 0.01 
β 
dimensionless variable for 
partitioning in 
nonequilibrium transport  
-      0.3368 0.373 0.34 0.966 
f 
fraction of exchange sites 
always at equilibrium  
-          0.251 0.962 
α 
first-order kinetic rate 
coefficient  
min-1      0.166 0.312 0.075 0.189 
R2 Linear regression - 0.96 0.96 0.99 0.99 0.99 0.99 
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PFBA in TST 1 was sampled 40 times during the tracer flood before reaching the influent 
concentration, C0, and 51 times during the water flood before dropping below detection levels. 
This compared to 146 samples for naphthalene to approach C0,  and 74 water flood samples to be 
taken and still not reaching detection level. This reinforces PFBA’s conservative nature in this 
tuff. Average velocity was 0.0105 cm/min, with the initial estimate for D being much higher than 
the initial estimate of 10 percent the core height. The column data lagged slightly behind 
simulation, but still produced a 0.99 linear regression between injection data and CXTFIT. 
 
 
 
Figure 14A and B: PFBA column study data vs. CXTFIT model.
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Bromide achieved similar results to PFBA in both the tracer pulse and water flood, with 
average pore water velocity for the injection at 0.0105 cm/min, decreasing to 0.0089 cm/min 
over the exiting limb. R
2
 was 0.96 for the water flood, with CXTFIT having difficulty optimizing 
the parameters for lower concentration samples. Bromide developed a tailing effect, and is 
synonymous with tortuosity for conservative tracers, as all flow paths through the core are not 
equal, which lags bromide’s expulsion from the core. 
 
 
 
Figure 15A and B: Bromide column study data vs. CXTFIT model.
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The model was able to reproduce the maximum breakthrough concentration in the 
effluent consistently. This reinforces the choice to not have rate-limited sorption for bromide and 
PFBA. However, CXTFIT assumes a uniform system according to the Langmuir isotherm and 
therefore it is difficult for it to exactly reproduce the breakthrough curves of the conservative 
tracers. Due to the core heterogeneity CXTFIT lagged behind the initial arrival of PFBA and 
bromide and reached complete breakthrough earlier than the experimental findings. The 
correlation between effluent data and the simulation was 0.987 with a mean square for error of 
0.31 mg/L. Dispersivity was the only variable parameter in the equilibrium simulations. 
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TCE for TST core 1 exhibited a great amount of sample scattering, with many samples 
having a difference in concentration over 10 percent between them, as mentioned in the 
breakthrough curve section previously. Still, the model was able to accurately predict the data, 
with a regression of 0.93 for the one-site nonequilibrium model during the injection pulse. The 
two-site nonequilibrium model was slightly favored, however, with a 0.94 given the same data. 
For the exiting limb of the breakthrough, one-site nonequilibrium matched much more closely in 
the lowest concentrations found during the tailing, but two-site followed the data better in the 
initial stages of desorption, before 120 PV. 
 
 
 
Figure 16A and B: TCE column study data vs. CXTFIT model. 
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Naphthalene exhibited a similar, but more subdued sample scattering during injection 
compared to TCE, again because of the diluted sampling technique. Two-site equilibrium 
sorption had trouble producing a good match to the data for the injection limb, with a linear 
regression of 0.90. The one-site model predicted the data much better, with an R
2
 of 0.98, also 
providing the better match for the exiting limb, compared to the two-site model. The one-site 
was able to accurately predict the extreme tailing of the naphthalene, out to 190 pore volumes. 
 
 
 
Figure 17A and B: Naphthalene column study data vs. CXTFIT model.
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4.5.2 CXTFIT Topopah Spring Tuff Core 2 
For TST core 2, the technique of recirculating the tracer flawed the experiment for 
CXTFIT injection. The program did not know when the tracers first achieved full breakthrough 
concentrations for TCE and naphthalene. This core was the shortest, with a length of 1.69 cm, so 
average flowrate was nearly 50 percent faster in this core compared to core 1. 
Table 8A: Core 2 - Injection limb transport parameters estimated from CXTFIT. 
Param Define Units 
Equilibrium Model Non-equilibrium Models 
No Sorption 1 Site 2 Site 
Br PFBA TCE Naph TCE Naph 
D dispersion coefficient  cm2/min  1.00E-02 
1.51E-
02 
6.944E-
06 
1.14E-
03 
6.94E-
06 
1.14E-
03 
v 
average pore-water 
velocity  
cm/min  0.036 0.036 0.036 0.036 0.036 0.036 
R retardation factor  -      4.3 17 6.9 15.5 
ω 
dimensionless mass 
transfer coefficient  
-      6.300 6.311 0.241 0.586 
β 
dimensionless variable for 
partitioning in 
nonequilibrium transport  
-      0.998 0.999 0.437 0.086 
f 
fraction of exchange sites 
always at equilibrium  
-          0.342 0.023 
α 
first-order kinetic rate 
coefficient  
min-1      0.486 0.411 1.909 1.273 
R2 Linear regression   0.71 0.89 0.915 0.93 0.97 0.99 
 
Table 8B: Core 2 - Exiting limb transport parameters estimated from CXTFIT. 
Param Define Units 
Equilibrium Model Non-equilibrium Models 
No Sorption 1 Site 2 Site 
Br PFBA TCE Naph TCE Naph 
D dispersion coefficient  cm2/min  
2.36E-
02 
2.25E-02 
2.87E-
04 
5.24E-
05 
2.87E-
04 
5.24E-
05 
v 
average pore-water 
velocity  
cm/min  0.0195 0.0195 0.0195 0.0195 0.0195 0.0195 
R retardation factor  -      4.9 17.5 6.9 8 
ω 
dimensionless mass 
transfer coefficient  
-      0.052 0.051 0.044 0.093 
β 
dimensionless variable for 
partitioning in 
nonequilibrium transport  
-      0.508 0.337 0.399 0.508 
f 
fraction of exchange sites 
always at equilibrium  
-          0.2972 0.437 
α 
first-order kinetic rate 
coefficient  
min-1      0.279 0.0965 0.0831 0.183 
R2 Linear regression   0.93 0.95 0.99 0.98 0.99 0.99 
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Linear regression for PFBA in TST core 2 injection only achieved 0.89 due to the tracer 
recirculation. The data lagged behind the model for this stage, but more closely fit the exiting 
limb with a 0.95 regression. Flow for this rock decreased over time (Fig 12B) as the others did, 
from 0.036 mL/min to nearly half of that rate during the exiting limb. Again, the model was 
unable to match PFBA’s tailing from 150 pore volumes on due to the lack to account for 
heterogeneity. 
 
 
 
Figure 18A and B: PFBA column study data vs. CXTFIT model.
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Bromide had the most trouble with core 2 during the injection state, as observed by its R
2
 
of 0.71. This can be accounted for via having only 2 samples before nearly achieving 100 percent 
bromide concentration breakthrough. This core had a pumice inclusion that passed all the way 
through the core, effectively connecting the influent side of the core to the effluent. Bromide 
reflects this as per its rapid breakthrough. Similarly, bromide ejection from the core was nearly 
as quick, but less so because of a decreased average pore-water velocity of 0.0195 cm/min. 
 
 
 
Figure 19A and B: Bromide column study data vs. CXTFIT model.
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TCE breakthrough CXTFIT parameters should not be trusted because the samples did not 
achieve full breakthrough, nor even come close. The linear regression is favorable, but without 
the full injection profile, correct estimation via CXTFIT is unlikely. It can be noted, however, 
that the two-site model effectively predicted the lab data up until tracer recirculation at 10 pore 
volumes. However, the model can be seen to predict 1 and two-site equilibrium in the exiting tail 
with a near perfect regression of 0.99 for both cases. 
 
 
 
Figure 20A and B: TCE column study data vs. CXTFIT model.
0.0
0.2
0.4
0.6
0.8
1.0
0 20 40 60 80 100 120 140
C
/C
0
 
Pore Volumes 
CXTFIT TST Core 2 TCE Injection Limb 
Column Data
CXTFIT 1-Site
CXTFIT 2-Site
0.01
0.1
1
140 160 180 200 220 240
C
/C
0
 
Pore Volumes 
CXTFIT TST Core 2 TCE Exiting Limb 
Column Data
CXTFIT 1-Site
CXTFIT 2-Site
49 
 
As per TCE, naphthalene injection parameters should also not be considered due to the 
truncation of its breakthrough curve. For the exiting limb of the desorption of naphthalene, 
CXTFIT predicted good one-site and two-site equilibrium models with 0.98 and 0.99 R
2
s 
respectively; two-site appearing to visually fit the data best as well in Figure 21B. 
 
 
 
Figure 21A and B: Naphthalene column study data vs. CXTFIT model.
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4.5.3 CXTFIT Topopah Spring Tuff Core 3 
TST core 3 utilized new, smaller sampling vials, eliminating the need for dilutions while 
at the same time allowing for a greater density of samples to be taken immediately following the 
start of tracer injection and water flush. The effects were noticed in the predicted parameters in 
Table 9A-B, with CXTFIT able to predict to 0.99 linear regressions for most models. 
Table 9A: Core 3 - Injection transport parameters estimated from CXTFIT. 
Param Define Units 
Equilibrium Model Non-equilibrium Models 
No Sorption 1 Site 2 Site 
Br PFBA TCE Naph TCE Naph 
D dispersion coefficient  cm
2
/min  
3.72E-
03 
3.12E-05 
6.852E
-05 
7.48E-
05 
6.852E-
05 
7.48E-
05 
v 
average pore-water 
velocity  
cm/min  0.0058 0.0058 0.0058 0.0058 0.0058 0.0058 
R retardation factor  -      6.1 12.9 7.4 12.6 
ω 
dimensionless mass 
transfer coefficient  
-      5.750 1.840 1.209 1.939 
β 
dimensionless variable for 
partitioning in 
nonequilibrium transport  
-      0.089 0.445 0.328 0.523 
f 
fraction of exchange sites 
always at equilibrium  
-          0.223 0.481 
α 
first-order kinetic rate 
coefficient  
min-1      0.333 0.309 0.994 1.310 
R2 Linear regression   0.99 0.96 0.88 0.99 0.99 0.99 
 
Table 9B: Core 3 - Exiting transport parameters estimated from CXTFIT. 
Param Define Units 
Equilibrium Model Non-equilibrium Models 
No Sorption 1 Site 2 Site 
Br PFBA TCE Naph TCE Naph 
D dispersion coefficient  cm2/min  
2.247E-
05 
5.75E-05 
1.20E-
04 
1.24E-
04 
1.20E-
04 
1.24E-
04 
v 
average pore-water 
velocity  
cm/min  0.0095 0.0095 0.0095 0.0095 0.0095 0.0095 
R retardation factor  -      6.3 13.4 7.4 13.5 
ω 
dimensionless mass 
transfer coefficient  
-      0.126 0.026 0.109 0.026 
β 
dimensionless variable for 
partitioning in 
nonequilibrium transport  
-      0.479 0.654 0.456 0.65 
f 
fraction of exchange sites 
always at equilibrium  
-          0.371 0.622 
α 
first-order kinetic rate 
coefficient  
min-1      0.0979 1.67 0.093 0.019 
R2 Linear regression   0.99 0.89 0.99 0.99 0.99 0.99 
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PFBA modeling was predicted to 0.96 R
2
, fitting the data well. Again, the model reached 
full breakthrough during injection more quickly than the data because of not accounting for 
spatial heterogeneities. For the exiting limb the model evacuated the core at a rate faster than the 
column data, only achieving a 0.89 linear regression. 
 
 
 
Figure 22A and B: PFBA column study data vs. CXTFIT model.
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Bromide fit the equilibrium transport model very well with a 0.99 R
2
, just as in TST core 
1, achieving full breakthrough before 5 pore volumes. Bromide eluted to below detection levels 
in just over 10 pore volumes. The model matched the steep limb of the elution curve, but failed 
to represent the tailing seen in the column data. 
 
 
 
Figure 23A and B: Bromide column study data vs. CXTFIT model
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A two-site equilibrium model best matched mathematically and visually for TCE 
injection in core 3, returning a linear regression of 0.99. Also, the scatter in the datapoints 
effectively went away from what they used to be for the tracer injection limb because of the 
utilization of the smaller, 0.35 mL sampling vial which allowed for the discontinuing of 
collecting diluted samples. A technique of interrupted flow for 6 hours during the water flush 
was utilized to discern if there were nonequilibrium conditions during solute transport for either 
of the HOPs (Brusseau et al., 1989). Nonequilibrium conditions would be evident if there was an 
increase in aqueous concentration after resuming paused flow. Equilibrium conditions would 
exist if the tracer showed no change in outflow concentrations after resuming flow (Pang et al., 
2002). 
As it is visible in Fig 24B, a bump representing a 2.7 percent increase in TCE 
concentration was witnessed during the 6 hour pause, equivalent to 0.35 mg/L. This reveals that 
TCE was subject to nonequilibrium sorption conditions, which are dependent on flowrate. If 
flowrate had been increased, the tailing of TCE would have decreased because TCE would be 
subject to less exposure time to the mineral grains as the solute traveled at a higher rate through 
the column. Another possibility for the concentration increase may have simply been diffusion. 
Under this hypothesis, the contaminant had more time to diffuse into the tracer-free water over 
this 6 hour period. However, it was likely that a combination of rate-limited nonequilibrium 
sorption and diffusion were responsible for the increase in concentration after the 6 hour pause. 
This could have been tested by also pausing flow during the influent breakthrough curve for an 
equivalent 6 hours and noticing if there was an increase during that pause. If an increase would 
have occurred, then diffusion would be the correct process exclusively. If, rather, a decrease in 
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concentration had been witnessed, then rate-limited sorption would be correct because the core 
was retaining the contaminant instead of passing through to the effluent stream.
 
 
Figure 24A and B: TCE column study data vs. CXTFIT model.
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Naphthalene exhibited an increase in aqueous concentration as well after resuming flow 
from the 6 hour pause, though not quite as prominent as the increase of TCE at 165 pore 
volumes. Thus it can be deduced that both HOPs are experiencing nonequilibrium transport 
conditions in all three cores. Observing from the CXTFIT results, both one-site and two-site 
nonequilibrium models fit the naphthalene data well, accurately tracking the extensive tailing 
during the water flush. 
 
 
 
Figure 25A and B: Naphthalene column study data vs. CXTFIT model
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4.5.4 Modeling Summary 
Overall CXTFIT results for all three welded tuff cores revealed that the conservative 
tracers bromide and PFBA exhibited equilibrium sorption conditions, as expected, due to their 
low octanol-water partitioning coefficients of near 1. TCE and naphthalene experienced either 
one-site or two-site rate-limited nonequilibrium sorption, with naphthalene appearing to favor 
two-site sorption in cores 2 and 3, while TCE appeared to slightly favor one-site nonequilibrium 
sorption in all three cores. These nonequilibrium results were further indicated by the increase in 
aqueous concentration of TCE and naphthalene after a 6 hour pause in flow, denoting either rate 
limited sorption or diffusion affected these HOPs during their transport through the matrix. The 
one site Langmuir model assumes each core is homogenous, with the sorbing surface exhibiting 
the same affinity at all sorption sites. There is no differentiation between active sites (minerals) 
for a one-site model. For the two-site adsorption model, the adsorbing surface is considered 
heterogeneous and possesses adsorption centers which exhibit differing affinities for sorbates, 
with some sites being active towards certain tracers while other sites do not share a similar 
binding force for that particular tracer molecule. For TST, quartz and alkali feldspar could be 
considered as the heterogeneous sites in the simple two-site Langmuir model. 
The variable values extrapolated using CXTFIT could be applied to other contaminant 
transport studies by using the individual values themselves or using a range of values. For 
instance,  , the fraction of all instantaneous sorption sites, would be less variable as the study 
area increased (i.e. regional well tests), and likewise be highly variable if the study sample was 
small (i.e. cores) due to obvious mineralogic heterogeneity from centimeter to centimeter. A 
second example is  , the dispersion coefficient. Values of   from these core studies could be 
applied to either regional or lab-scale studies because dispersion is purely a bulk matrix property. 
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The dimensionless mass transfer coefficient, ω, would also not change with scaling of the 
experiment because it is an inherent property of the contaminant onto the tuff. Using a large 
range of values for this variable would produce errors in any transport forecasting. 
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SECTION 5 
SUMMARY 
Miscible displacement column studies were conducted on three unfractured cores of 
Topopah Spring Tuff to quantify the relatively understudied contaminant transport characteristics 
of the rock matrix. These floods used anionic and organic tracers to collect contaminant fate and 
transport data. This data was placed in context through subsequent petrographic analysis of the 
cores and fitted to a 1-dimensional computational contaminant transport model. 
After the core flood tracer studies, a petrographic analysis was performed on thin sections 
from the cores that were sliced orthogonal to the apparent volcaniclastic depositional direction 
and parallel to the fluid flow direction of the core floods to evaluate the tuff’s composition and 
structure to learn insights into the processes that may affect the transport of the tracers. 
Specifically, potential structural heterogeneities, primary and secondary porosities, and 
barriers/baffles to fluid migration were examined by analysis along this direction to flow. 
Squished and elongate pumices ranging in size from 1 mm to 2 cm were observed. Despite being 
approximately 10 to 15% of the total volume, the pumices are believed to be the primary 
porosity and likely main conduits for flow because the remaining fraction is composed of 
welded, amorphous glass regions. In thin section, the glass appeared to have relatively minimal 
porosity and permeability. 
Petrographic analysis found important variation between cores which impacted the tracer 
tests. In cores 1 and 3 the large pumices did not span from the influent to effluent face, implying 
that flow through these cores consisted of a series of pathways with a range of permeability 
values. In core 2, a large pumice extended completely through the core and was reflective of core 
2’s increased average flowrate of 1.5 times greater than that of core 1 and over 3 times faster 
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flowrate than core 3. This variability in permeability is analytic to the petrographic observations 
of varying porosity regimes and indicative of the measured core-flood results that bromide and 
PFBA, conservative tracers analogous to water, exhibited variances from core to core in the 
number of pore volumes it took to achieve full breakthrough. 
The goal of the column tracer experiments was to produce experimental data on the 
transport of anionic and organic constituents through samples of unfractured cores of the tuff 
within the repository level of Yucca Mountain. From a 30 cm long by 5 cm diameter core of 
Topopah Spring Tuff obtained from obtained from a tunnel wall within the repository level of 
the proposed facility, three sub-samples cores were obtained and they ranged in length from 1.7 
to 2 cm. A Hassler-type 2 core holder was utilized for miscible displacement column studies, 
which enable each core to be pressurized lateral to flow up to 3,200 psi using a hydraulic pump. 
This confining pressure between the core and the holder’s wall enabled a tracer solution to be 
pumped through each core at average input pressures ranging from 1,350 to 2,000 psi using an 
isocratic piston pump at average flowrates of 0.010 to 0.034 mL/min. Glycerin filled pressure 
gages were used to measure differential and confining pressures and flowrates were computed 
from periodic weighing of displaced solutions. 
The contaminant transport studies were performed by flushing 2 L solution of simulated 
Topopah Spring Tuff groundwater containing the anionic tracers bromide (input concentration 
35 to 500 mg/L) and pentafluorobenzoic acid (35 to 600 mg/L) and the organic tracers 
trichloroethylene (50 to 300 mg/L) and naphthalene (1.75 to 2.20 mg/L) through the cores 
followed by a slightly smaller volume of tracer free water. Full contaminant breakthrough was 
achieved during each tracer pulse between 100 to 140 pore volumes, followed by a tracer-free 
water flush of 75 to 85 pore volumes, and a final flush of methanol for 65-125 pore volumes for 
60 
 
the purpose of measuring contaminant mass balance. Influent and effluent samples were 
collected using gas-tight glass syringes and 0.35 or 2 mL amber glass vials. The samples were 
stored at 4°C for up to one day while waiting for analysis via high performance liquid 
chromatography using diode array and fluorescents detectors. 
In all experiments, the tracers achieved full breakthrough in the same relative order as 
determined by their hydrophobicities (octanol-water partitioning coefficients). Bromide and 
PFBA sorbed the least with nearly identical effluent concentration curves that reached full 
breakthrough (i.e. effluent concentration equal to influent) after 5, 3, and 8 pore volumes for 
cores 1, 2, and 3 respectively. Within the analytical limitations of the studies, both of these 
tracers exhibited no detectible sorption or loss due to degradation or other process. The delay 
from full breakthrough (i.e. C = C0 in 2 pore-volumes) is theorized to be due to rate-limited 
diffusion into lower permeable regions of the highly heterogeneous cores. In other words, their 
transport was found to be conservative, and for the advection-dispersion equation used to 
describe the experimental results, their retardation factors were computed to be 1. TCE reached 
full breakthrough within 40 to 50 pore volumes, followed by naphthalene at 90 to 100 pore 
volumes. 
During the subsequent tracer-free water flood, the tracers desorbed from each core in the 
same order as the arriving front. When compared to their arrival fronts, bromide and PFBA 
exhibited inversely symmetrical desorption curves. TCE and naphthalene exhibited a faster rate 
of desorption than adsorption, although never achieving levels below the quantifiable analytical 
detection thresholds due to experimental time constraints. Mass balance calculated that 95 to 
100% of bromide and PFBA were recovered from all cores during the water flush and 
subsequent methanol flush, with 70 to 90% TCE recovered and 80 to 90% of naphthalene. 
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The computation model CXTFIT (Toride et al, 1995) was used to estimate solute 
transport parameters of the widely used advection-dispersion equation from observed 
concentrations in the core floods. CXTFIT results revealed that TCE and naphthalene results 
were most aptly approximated by either one-site or two-site rate-limited nonequilibrium sorption 
for all cores, with naphthalene appearing to favor two-site sorption in cores 2 and 3, while TCE 
appeared to slightly favor one-site nonequilibrium sorption in all three cores. The presence of 
nonequilibrium rate-limited processes was further indicated during the laboratory studies by the 
increase in aqueous concentration of both TCE and naphthalene after a 6 hour pause in flow 
during the elution flush on core 3. 
Yucca Mountain has seen a great deal of scientific study, reflective of the over 10 billion 
dollars spent and hundreds of geologic and engineering studies conducted since 1982. The 
obvious concern at the site is the transport of radioactive elements, principally Sr, Cs, Pu, U, Am, 
and Np. While organic chemicals do not directly reflect on the transport of these radionuclides, 
their transport has many different potential processes, one of which is sorption to various organic 
matters. Given the importance and difficulty of evaluating the potential long-term risks 
associated with storing nuclear waste at Yucca Mountain, any additional information on 
contaminant fate and transport processes is helpful. From a review of the literature, it is apparent 
that previous research had not evaluated the transport of organic chemicals within the matrix, 
making the knowledge learned from devising and executing this small study a noteworthy 
contribution to the field. 
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